Due to the critical role of vapor confinement in establishing distinct flow and heat transfer characteristics in microchannels (as distinct from those in larger channels), the conditions under which such confinement occurs in microchannels are of great interest. It is shown in the present work that channel dimensions and flow properties alone, as proposed in past studies, are insufficient for determining confinement effects in microchannel boiling. Hence, a new criterion for physical confinement in microchannel flow boiling, termed the convective confinement number, that incorporates the effects of mass flux, as well as channel cross-sectional area and fluid properties, is proposed. This criterion helps determine the conditions under which a channel qualifies as a microchannel for two-phase flow, needing special treatment, and when a macroscale treatment is adequate. In addition, based on previous work by the authors, a new comprehensive flow regime map is developed for a wide range of experimental parameters and channel dimensions, along with quantitative transition criteria based on nondimensional boiling parameters. Re Reynolds number ( Re = G D / µ ) T temperature, ºC ref T reference temperature: f T in single-phase region and sat T in two-phase region, ºC w microchannel width, m f w microchannel fin width, m Greek symbols ρ density, kg m -3 µ dynamic viscosity, kg m -1 s -1 σ surface tension, N m -1 f η efficiency of a fin in the microchannel heat sink o η overall surface efficiency of the microchannel heat sink Subscripts f liquid g vapor sat saturated liquid w microchannel wall
INTRODUCTION
In flow boiling through channels, as the channel size decreases to approach the bubble diameter, physical confinement begins to modify the influence of the different governing forces, resulting in different behavior of boiling in microchannels compared to that in conventional-sized channels.
Kandlikar [1] classified channels with hydraulic diameters between 10 to 200 µm as microchannels for flow boiling, based merely on dimensions and not on physical behavior. Kew and Cornwell [2] proposed a criterion for a threshold hydraulic diameter below which microchannel two-phase flow is characterized by confined single bubbles; the available models for macroscale boiling were found to be unsuitable for the prediction of heat transfer and pressure drop at these small channel sizes. Serizawa et al. [3] recommended a confinement criterion similar to that of Kew and Cornwell representing the ratio of surface tension and gravity forces for the channel size below which the influence of surface tension becomes important. These confinement criteria [2, 3] include channel hydraulic diameter and fluid properties; however, it will be shown from the results obtained from the current study that mass flux also governs bubble confinement. A new criterion for the occurrence of vapor confinement in flow boiling in microchannels is proposed that incorporates mass flux as well as channel cross-sectional area and fluid properties based on these results.
Flow regime maps are commonly used to determine the flow patterns that exist under different operating conditions, as well as the conditions for flow pattern transitions. Such maps are essential to the development of flow regime-based models for the prediction of the heat transfer rate and pressure drop in flow boiling. The coordinates used to plot these flow regime maps can be superficial phase velocities or derived parameters containing these velocities; however, the effects of important parameters such as channel size are not represented in a number of these maps. Baker [4] , Hewitt and Roberts [5] , and Taitel and Dukler [6] developed early flow regime maps for horizontal and vertical two-phase flow in channels with diameters of a few centimeters. In recent years, a few studies [7] [8] [9] [10] [11] have developed flow regime maps for boiling in microchannels using similar axes as conventional maps with flow regime definitions pertinent to microscale boiling, and have shown that flow regime maps developed for larger tubes are inapplicable for predicting flow regime transitions in microchannels. Flow regime maps for adiabatic two-phase flow in microchannels have also been proposed through high-speed visualizations [12] [13] [14] ;
however, it has been shown [9] that adiabatic flow regime maps are not suitable for the prediction of microscale boiling. Despite the inability of macroscale boiling maps or adiabatic two-phase flow regime maps to predict the boiling flow patterns in microchannels, a review of the literature shows a dearth of investigations into flow regime maps specifically targeted at microchannels undergoing flow boiling that are applicable to a wide range of microchannel dimensions and experimental conditions.
In recent work by the authors [15] [16] [17] , the effects of microchannel dimensions and mass flux on flow boiling regimes and heat transfer rates were investigated. Experiments were conducted with the perfluorinated dielectric fluid, Fluorinert FC-77, over a wide range of channel dimensions and mass fluxes. The microchannel width, aspect ratio, and hydraulic diameter in these experiments ranged from 100 µm to 5850 µm, 0.27 to 15.55, and 96 µm to 707 µm, respectively, and the mass flux ranged from 225 to 1420 kg/m 2 s. The dependence of the boiling heat transfer coefficient on vapor quality was also investigated in detail for a number of refrigerants [18] . In [16] , two types of flow regime maps were developed, one on mass flux-vapor quality coordinates and the other on vapor-liquid superficial velocity coordinates. However, the flow regime maps represented in these coordinate systems depend on channel dimensions, and therefore, individual maps were developed for each channel size.
This review of the literature shows that existing flow regime maps for boiling in microchannels are limited to narrow ranges of channel sizes and have been developed for water and refrigerants. In the present work, a new type of comprehensive flow regime map for microchannel flow boiling is developed for a wide range of experimental parameters and channel dimensions for FC-77; quantitative transition criteria based on nondimensional parameters are also proposed. Also, a new criterion for the definition of a microchannel based on the presence or absence of confinement effects in flow boiling is proposed.
EXPERIMENTAL SETUP AND TEST PROCEDURES
In this section, key details of the experiments on which the present comprehensive flow regime map and vapor confinement transition criterion are based are explained. More details of the test section assembly, flow loop, and calibration procedures are available in Harirchian and Garimella [15] .
The test loop consists of a magnetically coupled gear pump, a preheater installed upstream of the test section to heat the coolant to the desired subcooling temperature, and a water-to-air heat exchanger located downstream of the test section to cool the fluid before it enters a reservoir ( Figure 1 ). The liquid is fully degassed before initiating each test using two degassing ports and the expandable reservoir.
Details of the expandable reservoir design and the degassing procedure are available in Chen and Garimella [19] . A flow meter with a measurement range of 20-200 ml/min monitors the flow rate through the loop and five T-type thermocouples are utilized to measure the fluid temperature at different locations in the loop. The pressure in the outlet manifold of the test section is maintained at 1 atmosphere. The pressure in the inlet manifold and the pressure drop across the microchannel array are measured using a pressure transducer (Gems Sensors, 2200 series) and a differential pressure transducer (Omega, PX2300 series), respectively.
The microchannel test piece shown in Figure 2 and are supplied with a single DC voltage in order to provide a uniform heat flux. Also, a like array of temperature-sensing diodes facilitates local measurements of the base temperature. For a given current passing through a diode temperature sensor, the voltage drop across the diode determines the wall temperature. Details of the integrated resistance heaters and diode temperature sensors, as well as the procedures used to calibrate the heaters and sensors, are provided in [15] .
Experiments are conducted with 12 test pieces to study the effects of microchannel dimensions on the boiling heat transfer and flow patterns for four mass fluxes ranging from 225 to 1420 kg/m 2 s. Before initiating each test, the liquid in the test loop is fully degassed. It is then driven into the loop at a constant flow rate and preheated to approximately 92°C, providing 5°C of subcooling at the inlet of the channels.
For each test, the flow rate and the inlet fluid temperature are kept constant throughout the test and the uniform heat flux provided to the chip is incremented from zero to the point at which the maximum wall temperature reaches 150°C, which is the upper limit for the safe operation of the test chips. Heat flux values approaching critical heat flux are not used in the experiments since the corresponding temperatures could cause the solder bumps in the test chip to fail.
Fully degassing the liquid in the test loop before initiating each test helps to minimize flow instabilities. Also, a valve positioned upstream of the test section serves to suppress instabilities in the microchannel heat sink. Mild flow reversals were still observed at the inlet of the microchannels at the highest heat fluxes studied, for microchannels of cross-sectional area 0.144 mm 2 and smaller; however, these instabilities did not affect the inlet fluid temperature, which is held constant throughout each test.
At each heat flux and after the system reaches a steady state, high-speed visualizations are performed simultaneously with the heat transfer and pressure drop measurements. Movies of the flow patterns are captured at various frame rates ranging from 2,000 frames per second (fps) to 24,000 fps, with the higher frame rates used for the smaller microchannels at the larger heat and mass fluxes. The images obtained from the camera are then post-processed using a MATLAB [20] code developed in-house to enhance the quality of the images, especially for those captured at higher frame rates.
Data reduction
The local heat transfer coefficient is calculated from
where ref T is the local mean fluid temperature in the single-phase region and the liquid saturation temperature in the two-phase region. o η is the overall surface efficiency of the microchannels defined as 
where t A is the total heated area of the microchannels
The net heat transfer rate to the fluid, net q ɺ , is obtained from the energy balance for each heating element:
net loss= − ɺ ɺ ɺ (4) in which q ɺ is the total heat dissipated from each heat source and loss q ɺ is the heat loss which is experimentally determined before the test assembly is charged with coolant. Further details of the heat loss measurement procedure and data reduction can be found in Harirchian and Garimella [15] . The heat loss values range from 7% to 50% of the net heat transfer rate for different test pieces and different mass fluxes, and are larger for wider microchannels at lower mass fluxes.
The calculated local heat transfer coefficients presented in this paper are based on measurements from the temperature sensor located along the centerline of the test piece near the exit. In general, boiling starts at the downstream end of the microchannels and two-phase flow does not cover the whole length of the microchannels at low heat fluxes. In this study, the local values are reported for the location near the exit of the central microchannels.
Important nondimensional parameters often used in flow boiling include Reynolds number, Re, Bond number, Bo, and Boiling number, Bl. The Reynolds number is calculated using the liquid phase mass flux as:
The Bond number represents the ratio of buoyancy force to surface tension force and becomes important in microscale boiling:
As demonstrated in Harirchian and Garimella [17] , the channel cross-sectional area plays a critical role in determining microchannel boiling mechanisms and heat transfer; therefore, the length scale used in equations (5) and (6) is the square root of the cross-sectional area of one channel rather than its hydraulic diameter. Boiling number is the nondimensional form of the heat flux and is calculated using the liquid mass flux and latent heat as follows:
Gh fg (7) The measurement uncertainties for the flow meter and the pressure transducers are 1% and 0.25% of full scale, respectively. The uncertainties in the measurement of the channel dimensions, the T-type thermocouples and the diode temperature sensors are ±15 µm, ±0.3°C and ±0.3°C, respectively.
Following a standard uncertainty analysis [21] , the uncertainties associated with the wall heat flux and the heat transfer coefficient are estimated to be 2.0 to 11.4% and 2.2 to 11.7%, respectively, for the cases considered, with the larger uncertainties occurring for smaller microchannels at lower heat fluxes. These uncertainties are primarily governed by uncertainties in the measurement of the wetted surface area, since the uncertainties in the net heat transfer rate, wall temperature, and saturation temperature are relatively small.
RESULTS AND DISCUSSION
As mentioned in the introduction, a systematic investigation of boiling flow patterns and heat transfer with respect to microchannel dimensions and mass flux was recently performed by the authors [16, 17] and it was shown that confinement effects are present below a threshold value of channel cross-sectional area for a fixed mass flux [17] . In the present work, a criterion is developed for the existence of physical confinement in microchannel boiling based on channel dimensions, mass flux and fluid properties. The effects of vapor confinement on the boiling heat transfer coefficient are then discussed. Finally, a comprehensive flow regime map is developed based on approximately 390 experimental data points [16, 17] .
Microscale phenomena
There has been a good deal of discussion in the literature regarding the appropriate definition of a microchannel; however, a clear, physics-based distinction of microchannels from conventional-sized channels has not emerged. In general, a microchannel refers to a channel for which the heat transfer coefficient and pressure drop deviate from the predictions from widely accepted models for conventionalsized channels. For single-phase flow, Liu and Garimella [22] and Lee et al. [23] showed that channels with hydraulic diameters as small as 244 µm (the minimum considered in the studies) still exhibit heat transfer and pressure drop behavior that is well-predicted by conventional models. With boiling present in the channels, however, the flow phenomena differ from those in macroscale channels as the channel approaches the bubble diameter in size. In these small channels, correlations and models developed for larger channels no longer apply [24] . In this section, a new criterion is developed for delineating microchannels from macroscale channels based on the presence of vapor confinement.
In Harirchian and Garimella [16] , flow visualizations were performed with simultaneous heat transfer measurements during flow boiling in microchannels of different sizes for different flow rates. Five flow regimes -bubbly, slug, churn, wispy-annular, and annular flow -were identified in these microchannels and reference may be made to that paper for photographs, schematic diagrams and detailed descriptions of the regimes. The changes in flow regimes with microchannel size and mass flux were discussed in detail. Figure 3 shows a summary of the existing flow regimes at different microchannel sizes and different mass fluxes. It is seen that in the smaller microchannels and at low mass fluxes, bubbly flow is not established; instead, slug flow is observed for low heat fluxes. In slug flow, elongated vapor bubbles are confined within the channel cross-section and are separated from the walls by a thin liquid layer. As the heat flux is increased, an alternating churn and confined annular flow appears in these microchannels. In the confined annular flow, the vapor core occupies the whole cross-section of the microchannels and is separated from the walls by a thin liquid film.
As the channel cross-sectional area or the mass flux increases, bubbly flow is observed at low heat fluxes. In the bubbly flow regime, bubbles are smaller relative to the cross section of the channels and multiple bubbles may occupy the channel; confinement is not observed. At higher heat fluxes, alternating churn and wispy-annular or annular flow occurs. In the wispy-annular or annular flow, the vapor core does not necessarily occupy the entire cross-section and can instead exist on only one side of the channel; in other words, the flow is not confined by the channel walls. For example, the annular flow and churn flow patterns are distributed side by side across the width of the channel for channels with a large aspect ratio, as explained in [16] .
The experimental flow visualizations reveal that the flow confinement depends not only on the channel size, but also on the mass flux since the bubble diameter varies with flow rate. The different experimental cases listed in Table 1 The proposed criterion for transition between confined and unconfined flow is compared in Figure 5 with available experimental observations from other studies in the literature for water [1, 3, 7, [25] [26] [27] [28] [29] [30] [31] , dielectric liquids [32] [33] [34] [35] , and refrigerants [36] . Details of the fluid, geometry, mass flux, and heat flux of the data points used in this comparison are listed in Table 2 . Figure 5 shows that the proposed criterion is successful in predicting the confined or unconfined nature of the flow from a variety of studies in the literature.
The effects of the physical confinement by the channel walls on the heat transfer coefficient are discussed next.
Effect of vapor confinement on the heat transfer coefficient
The experimentally determined heat transfer coefficients for various microchannel sizes and four mass fluxes in the range of 225 to 1420 kg/m 2 s are plotted in Figure 6 . At the mass flux of 225 kg/m 2 s, vapor confinement is visually observed in microchannels with cross-sectional area of 0.258 mm 2 (corresponding to the 700 µm × 400 µm microchannels) and smaller. Figure 6 (a) shows that the heat transfer coefficients for the microchannels with such flow confinement are larger in the low heat flux region. As explained in Harirchian and Garimella [17] , for the confined flow (i.e., slug flow at low heat fluxes), evaporation of the thin liquid film at the walls contributes to the heat transfer, and nucleate boiling is not the only boiling mechanism. This leads to higher heat transfer coefficient values. At higher heat fluxes, where annular flow exists in all channel sizes, heat transfer coefficients in small microchannels approach those of larger channels in value.
For the mass flux of 630 kg/m 2 s, flow visualizations reveal confinement in microchannels smaller than 250 µm × 400 µm [17] . Correspondingly, Figure 6 (b) shows that the heat transfer coefficients in these microchannels depend on the channel dimensions, and also take values that are higher relative to those in larger microchannels, increasing with decreasing channel cross-sectional area [17] . For microchannels with cross-sectional area of 0.089 mm 2 and larger, in which confinement is not visually observed and nucleate boiling is dominant, the heat transfer coefficient is independent of channel dimensions.
At a higher mass flux of 1050 kg/m 2 s, slug flow and vapor confinement are seen only in the 100 µm × 400 µm microchannel, and all other microchannels exhibit similar values of heat transfer coefficient regardless of the channel size ( Figure 6(c) ). For the largest mass flux tested of 1420 kg/m 2 s, vapor confinement is not observed for any of the microchannels considered, and Figure 6(d) shows an independence of the heat transfer coefficient on channel dimensions.
The plots in Figure 6 show that for the channels in which confinement is not present and nucleate boiling is dominant up to very high heat fluxes, and for which the convective confinement number 0.5
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Re × > where vapor confinement is not detected, the heat transfer is governed by bubble nucleation, and the nucleate pool boiling correlation of Cooper [37] is suitable for heat transfer predictions. For channel sizes and mass fluxes with smaller convective confinement numbers, vapor confinement and microscale effects become important, resulting in larger errors in the prediction of heat transfer coefficient using nucleate boiling correlations. Other existing empirical correlations do not seem to be suitable for prediction of heat transfer in these microchannels either, and flow regime-based models need to be developed to accurately account for the microscale effects and the differences in the heat transfer phenomena compared to macroscale boiling mechanisms [24, 38] .
Comprehensive flow regime map
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